Abstract. Simple ionic liquids exhibit unique physical and chemical properties that make them very useful for deployment in electrochemical devices such as solvent-free electrolytes in capacitors and batteries. However, incorporating redox functionality into ionic liquid structures opens up in situ faradaic electrochemistry which allows access to a large array of new electrochemical applications reliant upon heterogeneous or homogenous electron-transfer processes. This paper presents and discusses the opportunities and challenges for these types of electro-materials across a myriad of applications by considering exemplar quinone-functionalised ionic liquids. Key words: task specific ionic liquids; redox active; applications; electrochemical devices.
Introduction and perspective
Air and moisture stable room temperature ionic liquids (RTILs) were first reported by Wilkies and Zaworotko [1] in 1992. The materials reported were simple imidazolium salts of acetate ([Ac]) and tetrafluoroborate ([BF 4 ]) as depicted in Fig. 1 . This development represented a technical step-change from the earlier chloroaluminate molten salts [3] which were notoriously unstable under ambient conditions and thus opened up a vast array chemical and electrochemical possibilities which have been exploited ever since. The key physical or physiochemical properties that RTILs which make them attractive exhibit include i) Inherent ionic conductivity (typically mS cm -1 range), ii) inert / extreme redox robustness (up to 7 V potential window reported), iii) non-volatile / non-flammable, iv) high charge carrier concentration (>> 1 mol L -1 ), v) thermal stability, vi) liquid state at low temperatures.
In addition to these favourable properties the idea of incorporating chemical functionality into the RTIL structure to create task-specific ionic liquids (TSILs) [4, 5] has contributed greatly to the development of unique applications beyond their use as simple electrolytes or solvents. Although Davis' 2004 paper [5] formally introduced TSILs, examples of ILs with built-in electro-active functionality were already known in the literature; for example, Murray et al. incorporated both quinone [6] and metal complexes [7] into "molten salt" structures while viologen IL materials were reported in 2003 [8] . Contemporaneous to Davis, other work by Shreeve et al. [9] and Park et al. [10] It is probably not coincidental that these early examples emerged from classical molecular electrochemistry and that they all point in the direction of important technical applications such as enzyme redox catalysis (Fc/Fc + ), dye sensitizes solar cells (I -/I 3 -) (DSSCs), hydrogen peroxide generation (quinone/hydroquinone) and alcohol oxidations (TEMPO/nitrosonium). Presenting these and other well-known electrochemistries in appropriate IL form will lead to new or improved electrochemical technologies including the aforementioned but also including redox flow batteries, thermal batteries, and super-capacitors. Since most of these applications involve the harvesting and energy storage functions their emergence and exploitation may impact significantly on the energy landscape in the foreseeable future.
Students of molecular electrochemistry and redox catalysis can easily trace the evolution of the field from homogeneous-bases (i.e. solution-based) processes to heterogenised systems with the advent of chemically modified electrodes in the early 1980s [13] , in particular, for redox catalytic systems based on surface confined redox centres (2-D) or for polymer-confined (3-D) systems. In principle, heterogenising these chemistries obviated, or simplified, the recovery of valuable redox catalysts from complex reaction liquor, or facilitated the construction of selective thin-film or thin-layer electrochemical devices such as sensors or DSSCs.
Because ILs can be designed to facilitate product recovery [4] and are inherently non-volatile, redox active ionic liquids can be viewed as a further evolution in molecular electrochemistry / redox catalysis / redox mediators despite presenting themselves as bulk liquids. Indeed, bulk liquids have the advantage of scaling by volume rather that by area in synthetic and energy storage applications so are valuable per se. Also, in terms of thin film type applications (e.g. sensor) Toniolo et al. [14] have already successfully demonstrated an O 2 electrochemical sensor deploying an anthraquinone based redox catalytic ionic liquid.
A third possibility for deployment of redox active ionic liquids is as a "sandwich" device i.e. positioned between two active electrodes e.g. as electron transfer mediators in DSSCs or as "redox-active electrolytes" in capacitors. For the latter, such systems would act as supercapacitors since they will harness the faradic charge stored in the built-in redox centres as well as the electrostatic capacitive charge [15] . For the former I -based ionic liquids have been reported [10] .
Although ionic liquids exhibit many attractive properties a potentially serious limitation of these materials is their relatively large viscosities which typically range from ca. 20 cP to 1000s of cP with the common imidazolium and pyrrolidinium ILs (depending on the anion) exhibiting viscosities in the 50 -350 cP range. Significantly, Gratzel et al. have shown that ion conductivity (S cm -1 ) in RTILs is an inverse function of viscosity [16] so for all electrochemical devices which rely on mass transport minimising viscosity is critical. Since viscosity is intrinsically dependent on the complexity (size and structural symmetry) of the cation and the nature of the anion (e.g. H-bonding ability) the design of new functional TSILs requires appropriate careful consideration. From an intuitive empirical perspective low viscosity is achieved with small non-coordinating anions paired with larger, but not too large, structurally asymmetric cations where charge delocalisation is extensive for both ions. Even for simple RTILs, they only exist as liquids over a fairly narrow range of structures. Obviously, adding functionality to RTILs inevitably increases mass, and frequently increases structural symmetry and inter-molecular attractive forces all of which favour solidification; these restrictions imposes severe challenges to molecular design of TSILs.
In addition to minimising viscosity the following functional requirements must also be met,
• bear a permanent charge i.e. be a RTIL in both redox states, • exhibit reversible electrochemistry, • be catalytic i.e. appropriate E 0 for redox catalysis, • be otherwise inert, • be either hydrophobic or hydrophilic as application requires.
Although there are many well-known redox chemistries to choose from the syntheses, characterisation and electrochemistry of some novel quinone-based ionic liquids will be presented and discussed here in terms of their potential for application in real electrochemical devices and processes, in particular as O 2 reduction redox catalysts. The core quinone structure is shown in Fig. 2 salt of these cations were reacted with sodium anthraquinone-2-sulfonate in toluene for 48 Hrs. with constant stirring after which the NaCl precipitate was removed by filtration (No. 4 sintered glass filter). The resultant liquor was washed repeatedly with deionised water to remove residual NaCl. The toluene was removed under vacuum to reveal the salt product. Details of their melting points and hydrophobicity are given in Table 1 .
Electrochemical Measurements. All electrochemical measurements were performed using a three-electrode potentistat, 
Results and Discussion
Preliminary observations: The accepted definition of RTILs is salts which have melting points ≤100 o C. Despite this generous technical definition practical considerations desire, or demand, much lower melting points, for example to facilitate enzyme electrochemistry or to prevent accidental solidification of the functional liquid in reactors during shut-down etc. Inspection of the data in Table 1 indicates that only one of the ten anthraquinone-2-sulfonate is liquid at 293 K and that only two out of these ten fall within the accepted upper melting point limit defining RTILs. These observations are not surprising since the symmetry and planarity of the AQS core, coupled with the significant pi-pi inter-molecular interaction between quinone molecules increases the likelihood of long-range order so solidification rather than liquefaction is likely.
Electrochemistry of Anthraquinone-2-sulfonates:
It is our experience that the common cation does not interfere with the electrochemistry of the quinone-bases salts therefore only the electrochemistry of [P 14 6 6 6 ] [AQS] will be presented here. Fig.  3 shows cyclic voltammograms for [P 14 
Using the Randles-Sevcik equation the diffusion coefficients (D) for both AQS and AQS
•-were determined to be 1.1 × 10 -5 ± 0.1 × 10 -6 cm 2 s -1 and 1.4 × 10 -5 ± 0.3 × 10 -6 cm s -1 , respectively. A "worst case scenario" estimation of k 0 , the rate of heterogeneous electron transfer, for both redox processes calculated from peak-to-peak separations (∆E p ), is ~6 × 10 -3 and ~5 x10 -3 cm s -1 for the first and second redox processes, respectively.
Transferring the electrochemistry to the neutral ionic liquid environment of [P 14 6 6 6 ] [NTf 2 ] recorded with iR compensation using a Voltalab 40 potentiostat has no effect on the general electrochemistry insofar as the mechanism is the same and both the radical anions and di-anions are stable as can be seen in Fig. 4 .
It is also evident from the data in Fig. 4 that due to the viscous nature of the ionic liquid the rate of mass transport is significantly reduced relative to acetonitrile where a diminution of the [AQS] diffusion coefficient from ~10 -5 cm s -1 to 5 x 10 -8 cm The electrochemical generation of AQS •-was used previously by Toniolo et al. [14] to develop an ionic liquid based thin-layer O 2 sensor where the sensing redox catalytic reaction was the formation of super-oxide according to Equation 3 .
Two unique features of this sensor are both worth considering; firstly, since the RTILs are non-volatility the sensor never "dries out", and secondly, the thin-film of electro-active RTIL is easily replaced to renew the sensing interface.
It is well known that quinone electrochemistry is pH-dependent therefore the electrochemistry of AQS under acidic conditions (0.2 mol L -1 HClO 4 ) in acetonitrile is shown in Fig.  5 . It is immediately obvious from the traces in Fig. 5 that the reduction involves a single process while the re-oxidation potential is significantly displaced anodically from the expected reversible potential. In addition, the anodic and cathodic peak potentials migrate positively and negatively with increasing potential sweep-rate, respectively. This behaviour is the classical electrochemistry for quinones under the influence of complex acid-base equilibrium processes coupled with electron transfer [17] . What is clear from Fig. 5 is that the overall electrochemical reduction process under acidic conditions is a single process occurring at ca. 0.2 V vs Ag/Ag + involving two electrons and two proton i.e. electrochemical hydrogenation to form the anthrahydroquinone species (AH 2 QS) according to Equation 4 . The literature value for the reversible AQS/AH 2 QS process is 0.225 vs SHE [18] .
AQS electrochemistry in [P 14 6 6 6 ][NTf 2 ] acidified with three stoichiometric equivalents (per carbonyl) of the super-acid HNTf 2 is shown in Fig. 6 where it is clear that the reduction occurs in a chemically reversible fashion but ∆E p (peak-to-peak separation) of up to 500 mV suggest significant influence of coupled proton transfer equilibria at play within the non-aqueous IL environment. Overall, the electrochemistry occurs via the expected 2-electron / 2-proton mechanism leading to the redox-catalytic hydroquinone form It is well known that anthrahydroquinones are very useful reducing agents with O 2 reduction to H 2 O 2 being used commercially to produce millions of tonnes of peroxide annually. This second-order [19] chemical process is known as auto-oxidation and exploits H 2 rather than electricity as the energy source. In order to assess the reactivity of the electro-generated AH 2 QS towards O 2 reduction oxygen gas was introduced into the acidic AQS solution (equilibrated at 1 atm. O 2 atmosphere) and slowsweep-rate cyclic voltammetry recorded as depicted in Fig. 7 where a Sigmoidal curve is observed due to the steady-state catalytic current, i c , behaviour which is indicative of redox-catalysis occurring at the electrode according to Equations 4 and 5.
Using Equation 6 , where n is the number of electrons (n = 2), F is Faraday's constant, A is the area of the electrode and C is the concentration of AQS ( [22] . Because the E 0 for AQS/ AH 2 QS decreases by 58 mV / pH unit [23] and that the O 2 reduction reaction is pH-dependent through proton transfer steps (Equation 4), the rate of O 2 reduction reaction will increase logarithmically with pH as previously found for redox catalytic alcohol oxidation reactions in ionic liquids [24] .
Conclusions
Based on the simple examples shown here it is evident that building electrochemical functionality into ionic liquid "type" structure is relatively straightforward from a synthetic perspective but the likelihood of success (obtaining a RTIL) depends entirely on the nature of the anion and cation, therefore restricting synthesis to commercially available ions will inevitably severely limit the functional materials obtained. Out of the ten examples shown here it is no coincident that P 14 6 6 6 exemplar "works" because it, even as the chloride salt, behaves effectively as an oil rather that as solid salt. In terms of deploying these types of materials, whether RTIL or not, it should be kept in mind that they are soluble/miscible in RTILs with a common counter-ion e.g. in low viscosity carrier ILs such as [Bmim] [NTf 2 ] and thus the "business end" of the functional salt can be deployed in RTIL form. It is also worth keeping in mind that it is the nature of that anion (usually non-coordinating) that predominantly controls the physical properties of RTILs so switching the permanent charged on the quinone to cationic present an opportunity to create redox active quinone-based RTILs with more favourable physical properties. Incorporating redox behaviour in this way for redox catalysis and redox conduction creates possibilities for new electrochemical processes and devices [25] . 
